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ABSTRACT
Measurements of the concentrations of iron and manganese
in water samples from low temperature (<20 deg. C.) and high
temperature (up to 290 deg. C.) hydrothermal vents indicate
that both of these elements are strongly enriched. The exit-
ing solutions are characterized in terms of an end-member
solution which has reacted with basalt of glassy or crystalline
composition. Reduced iron appears to play a major role in the
reduction of seawater sulfate to sulfide in hydrothermal
solutions. The solutions form three distinct types of metal-
liferous deposits at ridge crests: manganese rich, iron-mang-
anese rich and iron sulfide (manganese depleted). Calculated
fluxes from the ridge crest are 5-19xl10 mol/yr. for manganese
and 4-1100xl0 mol/yr. for iron. The manganese flux appears
to be sufficient to account for the apparent excess of this
element in marine sediments.
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The degree of hydrothermal activity may be closely
related to the spreading rate. The composition and accum-
ulation rates of iron and manganese in ridge crest sediments
and manganese in pelagic sediments may reflect this relation-
ship.
Thesis Supervisor: John M. Edmond
Title: Associate Professor of Oceanography
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CHAPTER 1
INTRODUCTION
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The marine geochemistry of iron and manganese has been
the subject of considerable debate and investigation for
many years. The chemistry of aqueous iron is governed prim-
arily by the (II) and (III) valence states, while for mang-
anese the (II) and (IV) states are of greatest concern (Stumm
and Morgan, 1970). Both elements form a wide variety of
oxides, hydroxides and hydrous oxides; iron also forms
sulfides, while Mn-sulfides are rare. For iron these include
Fe(OH)2, Fe304 (magnetite), amorphous FeOOH, c-FeOOH and the
sulfides a-FeS and FeS 2 (pyrite). "Ferric hydroxide" (Fe(OH)3)
is probably a poorly crystallized FeOOH. The oxides and
hydroxides resulting from reactions in aqueous Mn+ 2 solution
are illustrated in Figure 1.1. However, the products of
manganese oxidation are often not characterizable in terms of
simple stoichiometry.
The recent discovery and sampling of hot springs on the
crest of the Galapagos Spreading Center (Corliss et al., 1979)
has provided a great deal of new information on the chemistry
of iron and manganese in seawater as well as marine sediments.
Seawater reacted with basalt at high temperatures(\350 deg. C.)
and water:rock ratios of approximately 1-3 mixes progressively
through the pillow pile with ambient seawater (Edmond, 1979a).
The exit temperature of these solutions is determined by the
degree of subsurface mixing. Maximum dilution (>150:1, ambient:
hydrothermal) produces cool, oxidizing solutions. Minimum
dilution (<3:1) results in the release of high-temperature,
Figure 1.1
Reaction paths in
system Mn-02-H 20
at 25 deg. C., 1 atm.
(Stumm and Morgan, 1970)
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acid, reducing solutions directly onto the ridge crest. The
Galapagos vents represent the former situation. More recently
(Nov. 1979), hydrothermal solutions were sampled at the East
Pacific Rise at 21 deg.N.. from vents with a maximum temperature
of 350 deg. C.
Experimental observations indicate that the reaction of
mid-ocean ridge basalt with seawater at high temperatures (200-
500 deg. C.) produces enrichment of iron and manganese in the
aqueous phase (Mottl and Holland, 1979). These results also
indicate that ferrous iron plays an important part in the
reduction of seawater sulfate; for water:rock ratios less
than about six, all the sulfate could theoretically be reduced.
However, these experiments were carried out under static
conditions, whereas actual hydrothermal solutions are flow
systems and undergo dilution by ambient seawater. Both of
these variables can have a significant effect on the kinetics
and redox chemistry of the system. Thus determination of the
concentrations of iron and manganese in actual hydrothermal
solutions could provide much additional insight into the
behavior of these elements during hydrothermal alteration.
-13-
CHAPTER 2
EXPERIMENTAL
PROCEDURES
I. SAMPLING
Samples from the Galapagos hydrothermal vents (1977 and
1979) were obtained using the apparatus described by Corliss
et al. (1979), mounted on the deep-sea submersible ALVIN. A
total of seven vent areas were sampled; these are listed in
Table 2.1. The Galapagos samplers were back filled with
nitrogen gas as the samples were drawn. High-temperature
samples from the East Pacific Rise at 21 deg. N. were collect-
ed using evacuated gold-lined stainless steel cylinders with
stainless steel fittings, developed by Jake Archuleta of the
Los Alamos Scientific Laboratory. These were also mounted
on ALVIN.
Vent Area
Clambake(CB)
Garden of
Eden (GE)
Oyster Beds
(OB)
Dandelions
(DND)
Mussel Beds
(MB)
Rose Garden
(RG)
East of
Eden (EE)
East Pacific
Rise (EPR)
Table 2.1
Position
Lat. Lon.
0047.6'N.
0047.5'N.
0047.6'N.
0047.6'N.
0047.5'N.
0047.0'N.
0047.0'N.
20054.0'N.
8609.0 'W.
8607.4'W.
8607.8'W.
8608.0'W.
8609.0'W.
8602.5'W.
8602.5'W.
10903.0'W.
Dive No.'s
715,717,719,
722,727
728,730,733,
735
723,726
716,723
Year
1977
1977
1977
1977
898,902,904 Mar.1979
899,900,903, Mar.1979
905
901
978-982
Mar.1979
Nov.1979
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II. ANALYSES
A. Instrumentation
Colorimetric determinations of iron and manganese
were conducted using a Perkin-Elmer 55E Spectrophoto-
meter. All measurements were made at M.I.T. except
those for the EPR expedition, which were performed at
sea. A 1-cm cell filled and emptied by a vacuum-driven
"sipper" system was used for most analyses except for the
low iron samples (<1 uM.), for which a 4-cm cell was
used.
B. Manganese
Manganese was determined using the formaldoxime
method (Brewer and Spencer, 1971). Manganese reacts with
formaldoxime (formaldehyde oxime) in alkaline solution to
form an intense orange red solution. A 6:1 formaldoxime
to ammonia ratio was used to optimize the pH (8.8-8.9)
and avoid precipitation of calcium and magnesium hydroxides
(Figure 2.1). Standards were prepared in acidified (pH%2)
surface seawater (<.05 uM. Mn). The samples analyzed in
the laboratory were acidified at sea. Concentrations were
determined by comparing the absorbances of samples to a
standard curve (Figure 2.2). The standard error at the
95% confidence level was approximately ±0.4 uM. for the
'77 Galapagos data, ±0.06 uM. for the '79 Galapagos data,
and ±3.0 uM. for the EPR data. The limit of detection
was approximately 0.2 uM.
-16-
1) Reagents
A. Formaldoxime: Dissolve 10.0 g. hydroxylamine hydro-
chloride in 225 ml. distilled water. Add 5 ml. formaldehyde
solution (37%), make up to 250 ml. with distilled water.
B. Ammonium hydroxide: Specific gravity 0.90 (14.5 M.)
C. Manganese (II) standard: Dissolve 0.1438 g. KMnO4 in
50 ml. distilled water. Add 1.5 ml. concentrated sulfuric
acid then sulfurous acid (SO2/water) dropwise until color
disappears. Boil solution gently to remove excess SO2 ; make
up to 500 ml. with distilled water.
-17-
Figure 2.1
Manganese Analytical Procedure
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Figure 2.1
5 ml. sample
Add 0.45 ml.
mixed reagent
(6:1 formaldoxime
to ammonia)
Wait 2-30
minutes
AMeasure absorbanceat 450 nm. in 1-cm.cell, distilledwater as zero.
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Figure 2.2
Manganese Standard Curve
0-44 umol/1.
45
40
M.C)m 25
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, 1 I I I I I . I .I3
0 50 100 150 200 250 300 350 400 450
ABSORBANCE xlO 3
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C. Iron
Iron was determined using the Ferrozine method (Stookey,
1970). Hydroxylamine hydrochloride functions as a reducing
agent, reducing Fe(III) to Fe(II), which subsequently reacts
with ferrozine to form a stable magenta complex which is very
soluble in water. The method was modified by keeping the
ferrozine and hydroxylamine hydrochloride reagents separate
instead of combined and using an oven to heat the samples
(,60 deg. C.), rather than boiling (Figure 2.3). These
changes improved the precision of the method. Standards were
prepared in surface seawater (<.02 uM. Fe), acidified to avoid
iron hydroxide precipitation. Samples were acidified at the
time of collection. Sample concentrations were determined by
comparison of absorbances to a standard curve (Figure 2.4), as
for manganese. The standard error at the 95% confidence level
was approximately ±0.03 uM. for the range 0-1 uM. and ±0.2 uM.
for the range 1-25 uM. The limit of detection was approximat-
ely 0.03 uM.
1) Reagents
A. Ferrozine: Dissolve 2.57 g. ferrozine in 500 ml.
distilled water.
B. Hydroxylamine hydrochloride: Dissolve 50.0 g. hydroxyl-
amine hydrochloride in a small amount of distilled water.
Hydroxylamine hydrochloride has a high Fe blank; clean
the solution by adding %30 mg. of "bathophenanthroline"
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(4:7 diphenyl-1:10 phenanthroline) and solvent extract the
solution with hexanol. Cautiously add 250 ml. concentrated
hydrochloric acid to the hydroxylamine hydrochloride solution,
cool to 20 deg. C. and make up to 500 ml. with distilled
water.
C. Buffer Solution (pH 5.5): Dissolve 200 g. ammonium
acetate in distilled water. Add 175 ml. concentrated ammon-
ium hydroxide, dilute to 500 ml. with distilled water.
D. Iron Standard Solution: Dissolve 0.5686 g. Mallinckrodt
iron wire (<99.54% Fe) in %5 ml. nitric acid, make up volume
to 500 ml. with distilled water (= 20.37 umol Fe/ml.)
Table 2.2
Summary of Standard Errors
Element Standard Error at 95%
Confidence Level(uM.)
Manganese (Galap.'77) ±0.4
Manganese (Galap.'79) ±0.06
Manganese (EPR-21 deg.N.) ±3.0
Iron (0-1 uM.) ±0.03
Iron (1-25 uM.) ±0.2
-23-
Figure 2.3
Iron Analytical Procedure
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Figure 2.3
10 ml.
sample
Add 100 ul.
hydroxylamine
hydrochloride
solution
Heat in oven
(#60 deg. C.) for
one hour
Add 100 ul.
ferrozine solution
Add 200 ul.
buffer solution
Using balance,
make up volume
of each solution
to 11.0 g. H20
with distilled water
Measure absorbance
at 562 nm. in 1 or 4
cm. cell, distilled
water as zero.
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Figure 2.4
Iron Standard Curve
0-16 umol/l.
18
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D. Interferences
Interference studies were carried out to determine the
effects of iron on the manganese method and vice versa. The
effect of manganese on the Fe-ferrozine method was found to
be insignificant even for very high concentrations of mang-
anese (200 uM.). The iron interference on the Mn-formaldox-
ime method was approximately +0.08 uM. Mn per uM. Fe in
solution (Figure 2.5). This value was used to make correct-
ions on the manganese data for Mussel Beds and Clambake,
based on the measured iron concentrations.
The effect of hydrogen sulfide on the manganese method
was investigated prior to the EPR expedition, for which
freshly drawn samples were expected to contain large amounts
of H2S. The effect was found to be insignificant for sulfide
levels up to 150 uM. Dilution of the samples (25-50x) down
to the linear range for manganese (<60 uM.) always resulted
in sulfide levels less than this amount, thus the effect was
not considered significant.
-28-
Figure 2.5
Iron Interference on
Mn-formaldoxime method:
AABSORBANCE vs. Fe (uM.)
Symbol Mn (uM.)
A 0.0
+ 11.1
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0 44.4
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CHAPTER 3
RESULTS
AND
DISCUSSION
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Manganese concentrations for the Galapagos vents
(Table 3.1) increase linearly with silica, i.e. temperat-
ure, the lines passing through ambient temperature and
composition ( (Si)=160 uM., T=2.2 deg. C.) (Figure 3.1).
These trends were interpreted as representing dilution
lines, resulting from entrainment of ambient water during
sampling, mixing in the throat of the vents, and subsurface
mixing with ground waters. The iron data show the effects
of dilution in Clambake and Mussel Beds (Figure 3.3); the
other vents exhibit much lower concentrations and show some
scatter in the data, but are assumed to represent dilution
lines for flux calculations (Figures 3.4,3.5).
Manganese concentrations in the Galapagos vents show a
moderate range of gradients with temperature (1-3.8 umol/kcal),
with two distinct regions represented by 1) Clambake, Mussel
Beds and Rose Garden (high) and 2) Oyster Beds, Dandelions,
Garden of Eden and East of Eden (low) (Table 3.4). Other
soluble elements (Li,Rb,Ba) show more enrichment relative to
an average tholeiitic composition than manganese (100% for Li,
Rb,Ba vs. 10% for Mn); thus, manganese must be scavenged to
a large extent by secondary clay minerals forming in the
reaction zone (Edmond et al., 1979a). Assuming that manganese
is conservative after leaving the reaction zone and an end-
member temperature of 350 deg. C., it is possible to estimate
-32-
Table 3.1
Concentrations of Iron,
Manganese, Sulfide and Silica
for Galapagos vents
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Table 3.1
CLAMBAKE*
HS Mn
(u .) (uM.)
- 5.45,5.14
- 10.25
- 11.30,10.78
- 18.28,17.30
- 20.27,19.59
2.4 20.99
- 20.80
2.0 21.75
- 26.80
9.0 24.30,23.82
10.5 26.69
8.9 28.33,27.57
20.0 26.67
20.0 31.29
DANDELIONS
0.0 0.73
0.0 1.21
0.0 5.49,5.41
- 5.73,5.28
- 5.98,5.51
- 5.67
0.18
0.38
1.48
0.75,0.61
0.87,0.71
0.71
* Mn data corrected for Fe interference.
Dive
No.
715
715
715
715
715
717
715
719
715
717
717
722
727
727
Sample
No.
B3
B2
BI
A6
A5
B3
B4
Al
A7
B2
B1
A4
B2
B1
Si
(uM.)
264
327
344
440
476
478
486
522
532
548
578
600
601
609
Fe
(uM.)
2.39
6.44
8.61
10.65
12.43
11.59
13.33
13.75
16.08
17.52
16.15
23.82
22.80
723
723
716
716
716
716
A8
A6
A2
A4
B5
B8
236
274
338
375
389
391
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Table 3.1, cont.
GARDEN OF EDEN
Si H2S Mn
(uM.) (uM.) (uM.)
5.70,5.34
8.37,8.11
8.40
9.06
7.84
9.31
10.04
10.36,10.14
10.09
10.15
11.04
0.05,0.13
0.08,0.05
0.15
0.12
0.18
0.19
0.12
0.11
0.09,0.14
0.34
0.40,0.36
0.16,0.15
0.10,0.15
OYSTER BEDS
50 3.76
59 4.01,4.14
82 4.29,4.43
100 7.17,7.26
125,145 7.33
150 8.80
145,140 8.84
EAST OF EDEN
142 3.12
182 3.62
Dive
No.
Sample
No.
Fe
(uM.)
730
735
728
735
728
728
733
733
730
735
735
728
733
B2
B6
B8
A4
A6
B7
A3
A3
B4
B3
A7
B4
A5
487
635
651
657
651
660
696
696
720
726
732
737
774
37
55
67
55
60
64
71
108
68
56
58
75
118
A3
Al
B7
B4
A5
A6
B7
364
414
429
500
507
566
567
726
723
723
726
726
726
726
901
901
0.
0.
0.
-
0.
0.
0.
30,0.25
30
34,0.36
05,0.06
39
35
336
360
0.08
0.14
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Dive
No.
904
898
904
898
898
898
898
902
902
902
904
904
904
904
902
904
904
902
902
ROSE GARDEN
30
80
55
90
90
85
7.87
5.75
7.11
8.01
9.29
10.50
0.02
0.02
0.01
0.02
0.02
0.03,0.05
Sample
No.
Hi
B6
A4
B4
B7
B2
A3
B2
B5
A4
B4
B3
B7
H3
B7
B5
B2
B4
B3
Si
(uM.)
185
201
243
259
275
400
402
486
486
490
507
514
561
574
575
588
595
605
626
Table 3.1,cont.
MUSSEL BEDS*
2 S Mn
(uM.) (uM.)
- 1.34
3 1.74
- 3.78
10 4.40
0 4.87
15 11106
18 10.66
20 14.69
20 14.67
20 15.24
21 15.72
- 16.15
24 18.31
27 18.53
30 18.84
27 19.44
32 19.92
30 20.33
35 21.30
Fe
(uM.)
1.26
0.85
2.71
2.02
2.38
5.56
5.10
6.92
7.00
7.03
7.73
7.94
8.94
9.23
8.89
9.47
9.43
9.73
9.87
905
900
899
900
900
905
A6
B5
A2
B3
B7
A12
238
279
303
322
348
372
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Table 3.1, cont.
ROSE GARDEN
Dive
No.
899
903
899
899
903
899
905
899
900
899
900
905
903
903
905
903
900
900
903
903
905
Sample
No.
A12
H2
Al
A9
A2
A7
A9
A6
B4
A5
A3
Al
Al
A9
A2
A7
B6
B2
A6
A12
A13
Si
(uM.)
395
420
513
550
558
587
596
596
608
619
625
627
636
724
769
837
846
854
927
994
1007
H2S
(uS.)
50
110
75
130
120
140
135
130
140
130
160
160
120
140
120
230
150
195
250
Mn
(uM.)
11.03
13.18
17.41
19.06
19.48
21.16
21.85
21.56
22.40
22.58
23.32
23.40
22.87
26.39
30.88
34.01
34.24
35.08
38.55
41.99
42.54
Fe
(uM.)
07
14
11,0.07
03,0.05
09,0.09
08
06,0.06
14,0.15
08,0.09
09,0.09
10,0.07
08,0.07
10,0.11
14,0.14
17,0.14
11,0.12
14,0.16
16,0.18
14,0.13
19,0.21
23,0.18
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Figure 3.1
Manganese vs. Silica:
All Galapagos Vents
Vent Symbol
CB U
OB +
MB 0
RG A
EE U
GE
DND A
6 4 4
100 200 300 400 500 600 700 800 900 1000 1100
A(uM)
45
40
30
llJ
U)
Z
Z
X3
0
A
15
10 At
rh L1 4.*
A A
SIr I_ I __ _ __ ___ __
SILIC
.Ir uc
I
-39-
end-member manganese concentrations based on the Mn/Si
relationships for the different vents. Reliable silica
data is not yet available for the EPR vents (Table 3.2);
magnesium data was used to estimate silica concentrations
based on the Si-Mg relationship observed in the Galapagos
vents (Edmond et al., 1979a). The EPR manganese data is
plotted vs. the extrapolated silica concentrations in Figure
3.2. Using these data, approximate end-member manganese
concentrations for the six EPR vents can be calculated.
These compare favorably with calculated end-member manganese
concentrations for the Galapagos vents (Table 3.3).
Iron data for the Galapagos vents (.01-2.18 umol/kcal)
exhibit far more diverse behavior than manganese, but do
show the same two distinct groups with low and high gradients.
These two groups are correlated with high (up to 250 uM., 27.5
umol/kcal) and low (<40 uM., 1.9 umol/kcal) levels of sulfide,
respectively. In both cases, iron increases with sulfide
concentrations (Figure 3.6). Reduced iron in hydrothermal
solutions appears to play a major role in the reduction of
seawater sulfate to sulfide (Mottl and Holland, 1979). A
reaction of the following type appears to be taking place:
-2 +11 FeSiO + 2 SO + 4 H = 7 Fe304 + FeS + 11 SiO + 2 HO (1)2 4 4 3 4 2 2  2 2
The oxidation of Fe+ 2 to Fe+ 3 is followed rapidly by hydrolysis
to an insoluble ferric oxide. The presence of anhydrite in
the system is probably metastable, since it should be reacting
-40-
Table 3.2
Concentrations of Manganese
and Magnesium in high
temperature samples from
21 deg.N. expedition and Silica
concentrations extrapolated
from Magnesium data
-41-
Table 3.2
Vent
Area
Si(uM.) from
Mg data
11760
1370
306*
9590
399**
264**
2090
6070*
2780
204**
1370
3830
18320
* Measured Si
** These samples
water; the Mn
Dive
No.
978
978
978
979
979
979
980
980
980
981
981
981
982
Sample
No.
5/6
7/8
B1
3/4
1/2
11/12
5/6
9/10
7/8
1/2
11/12
3/4
7/8
'~T(oC.) Mn
(Um.)
220
120
4.5
170
120
100
30-65
112
84
290
1020
105
4.77
295
36
14
72
203
66
21
36
109
-785
Mg
(mM.)
23.91
49.77
52.61
29.12
52.21
52.55
47.96
-
46.24
52.70
49.77
43.59
7.21
were diluted to a large extent by ambient
data are not representative of the vent areas.
-42-
Figure 3.2
Manganese vs.
extrapolated Silica,
EPR vents
Vent Area Symbol
A A
B +
C 0
D 0
E A
F 0
4000 E000 8000 100N 12000 14000 16000 18000 2000
SILICA (uM)
1100
1000
0Z
Ili 1
100
0 2000
I 1 _~ ._r _r . _ _ --.-
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Figure 3.3
Iron vs. Silica:
Mussel Beds, Clambake
0 CB
A MB
24
20
18
16
14
10
150 200 250 300 350 400
SILICA (uM)
Z
0
-l
I_ p_ p __
500 550 600 650
AA AA
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Figure 3.4
Iron vs. Silica:
Oyster Beds, Dandelions,
Garden of Eden,
East of Eden
A DND
+ OB
GE
U EE
4+- +
* :
250 300 350 400 450 500 550 600 650 700 750 800
SILICA (uM)
El
z0
o L...
O .6
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Figure 3.5
Iron vs. Silica:
Rose Garden
4 4
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Table 3.3
End-member Manganese Concentrations
for Galapagos vents and EPR vents
Vent area
Clambake
Oyster Beds
Dandelions
Garden of Eden
Mussel Beds
East of Eden
Rose Garden
East Pacific Rise:
Area Sample No.'s
A: 978, 5/6
978, 7/8
B: 979, 3/4
C: 980, 5/6
980, 9/10
D: 980, 7/8
E: 981, 11/12
981, 3/4
F: 982, 7/8
(Mn) at 350 deg. C.
1395
430
575
370
995
370
1040
1808
1823
658
778
723
526
631
631
904
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Table 3.4
Fluxes of Iron and Manganese from Galapagos Vents
and EPR Vents
Vent
Area
Garden
of Eden
Dand-
elions
Oyster
Beds
Clambake
Rose
Garden
Mussel
Beds
East of
Eden
Mn
umo 1
kcal)
1.01
1.56
1.17
3.80
2.83
2.71
1.01
Flux
(mol/yr.)
10
7.8x10
5.8x1010
1.9x1011
1.4x101 1
1.3x10 1
5.0x10
Fe
umo(l
kcal )
.009-.015
0.18
.009-.07
2.18
.01-.014
1.24
.026-.04
Flux
(mol/yr.)
4.5-7.5x10
9.2x10
4.6-37x0 8
1.1xl01 1
4.8-7x10 8
6.2xl010
1. 3-2x10
East Pac.
Rise
A 4.94
B 1.79
C 2.00
D 1.43
E 1.72
F 2.46
Ranges: (Galapagos)
112.5xl10
8.9xl01 0
1.0xl01 1
7. 1x100
108.6x10
1.2x101 1
Manganese: 5-19xl010 mol/yr. = 2.7-10.4x1012 g/yr.
Iron: 4-1100x108 mol/yr. = 3-615x1010 g/yr.
- A
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Figure 3.6
Log Iron vs. Sulfide:
All Galapagos Vents
(Symbols as for Figure 3.1)
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with the altered seawater to produce pyrite:
Fe+ 2 + 2 H+ + 2 CaSO 4 = FeS 2 + 2 Ca+ 2 + 3 02 + H2 0 (2)
The pyrite formed, however, may subsequently dissolve:
+ +2 -24 FeS 2 + 6 H + 4 H20 = 4 Fe + 7 HS + SO4 2  (3)
The limiting factor for pyrite formation is probably sulfate,
from anhydrite or from solution, or reduced iron, depending
on the Fe(II)/SO 4 ratio, which is a function of the seawater/
rock ratio. At water:rock ratios greater than about six, not
enough iron is available for all the sulfate to be reduced to
sulfide.
Sulfide levels in the hydrothermal solutions-are deter-
mined by the degree of sulfate reduction by Fe+ 2 and the
dissolution of igneous pyrite. The exit concentrations are
therefore related to the concentration of iron in the end-member
solutions. Assuming a general proportionality between silicate-
derived iron and manganese, there is at least twice as much iron
in the Clambake and Mussel Beds end-members as in the other
vents. In Clambake and Mussel Beds the Fe:H 2S ratios (0.3-1.5)
are much higher than in the other vents; it appears that these
vents are derived from an end-member reacting with a more glassy
substrate (Edmond et al., 1979a). Basaltic glass is more react-
ive, particularly for iron, than crystalline material of similar
composition (Mottl and Holland, 1979). Systems reacting with
glassy substrates are dominated by large amounts of non-sulfide
iron. Pyrite precipitation during sub-surface mixing results
in low exit concentrations of sulfide. Clambake and Mussel
Beds fit in this category.
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Hydrothermal systems with crystalline substrates are
less reactive as regards iron. This is reflected by reduced
manganese levels and higher concentrations of sulfide. The
already low concentrations of iron are further depleted by
chlorite formation, sulfate reduction and pyrite precipitation.
Oyster Beds, Garden of Eden, Rose Garden and East of Eden
are representative. Following this scheme, one would expect
an inverse relation between the fluxes of manganese and
sulfide (Figure 3.7). A positive correlation would also be
expected between iron and manganese fluxes (Figure 3.8). In
both Figures 3.7 and 3.8, Rose Garden appears anomalous to
the preceding argument. The data show manganese concentrations
comparable to Mussel Beds, yet almost no iron and high levels
of sulfide. The difference may be due to variability in the
proportionality between iron and manganese in the end-member.
The Rose Garden end-member, during reaction with a crystalline
substrate, supplies more manganese per mole of iron released
than the other crystalline vents, with an Fe:Mn ratio of
around two. Rose Garden is located approximately eight kilo-
meters away from the main cluster of vents (OB, MB, CB, GE, DND)
so that reaction with a markedly different substrate is
possible.
A qualitative diagram of Mn vs. H2S for a wide range
of possible end-members will serve to further clarify the
preceding argument (Figure 3.9). Along the line segment
A-B, manganese and sulfide increase linearly, with the
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Figure 3.7
Mn/Si vs. H2S/Si,
all Galapagos vents
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Figure 3.8
Mn/Si vs. -log Fe/Si,
all Galapagos Vents
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Figure 3.9
Qualitative: End-member
Manganese vs. Sulfide,
Range of
Hydrothermal Systems
(Vent labels are not
calculated points,
they illustrate relative
positions along the curve)
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amount of silicate-derived iron released proportional to
that of manganese. Along this segment all the reduced
iron released is used in the reduction of seawater sulfate
to sulfide. Assuming the resulting Fe+ 3 forms an insoluble
ferric oxide, a system in this range would have virtually no
iron in solution. At point B, enough iron is available for
all the sulfate to be reduced; pyrite begins precipitating,
rapidly reducing the amount of sulfide over a small range
of manganese concentrations (EE, OB, GE, RG). As manganese
concentrations increase further, enough iron becomes avail-
able to precipitate most of the remaining sulfide, and
transport of large amounts of iron to the surface becomes
possible, with correspondingly small amounts of sulfide
(DND, MB, CB). The amount of iron released continues to
increase proportionally with manganese. Curve B-C is anal-
ogous to Figure 3.7, its position depending on the iron-
sulfide solubility product.
A correlation between manganese and Helium-3 enrich-
ments in the Galapagos hydrothermal waters as well as in
hydrocasts above the Galapagos and EPR-21 deg. N. sites
has been observed by Jenkins, Edmond and Corliss (1978),
Klinkhammer, Bender and Weiss (1977), and Craig and Lupton
(1979). Craig hypothesized that a discrepancy in the Mn/He 3
ratio between the (diluted) EPR samples and hydrocast samples
above the EPR site was due to scavenging of manganese from
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the water column, an effect previously modelled by Weiss
(1977) using a trace element scavenging model. He stated
further that He3 and manganese, representing conservative
and non-conservative tracers, respectively, could be used
to establish an "internal clock" for plumes spreading
horizontally from the East Pacific Rise. This "clock"
could then be used for modelling the circulation of deep
water in the South Pacific.
The relationship of hydrothermal solutions to the form-
ation of iron and manganese rich deposits at ridge crests
was discussed by Corliss (1971). However, a formation
scheme for such deposits was not possible before the disc-
overy and sampling of actual hydrothermal vents (Edmond, 1979b).
Three types of iron-manganese rich deposits have been observed
at ridge crests. These are 1) manganese-rich (Mn02), 2)iron-
manganese rich and 3) iron-sulfide rich, manganese depleted
(Scott et al., 1974; Bostrom and Peterson, 1965; CYAMEX, 1979).
The Galapagos hot springs appear to represent the first two
instances. Pure MnO 2 deposits are the result of slow flow
rates of manganese rich solutions (\2-10 uM.) under oxidizing
conditions. The oxidation of Mn+ 2 (Figure 3.10A), while slow,
is strongly autocatalytic:
+2slow +Mn + 02 + H20 --- 2 MnO2 (s) + 2 H (4)
+2 fast +2Mn + MnO 2 (s) --- + Mn 'MnO 2 (s) (5)
+2 slowMn 'MnO2(s) + 02 lo-w 2 MnO2(s) (6)
(Stumm and Morgan, 1970)
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At the pH of ambient Galapagos water (%7.6), the molar ratio
of Mn(II) sorbed per MnO2 is approximately 0.5. Manganese
oxidizing bacteria may also play an important role in this
process; certain bacteria collected from hot springs have
been observed to oxidize Mn+ 2 at rates far in excess of
those previously observed (John Baross, OSU, personal com-
munication). Iron-manganese rich sediments are the result
of hydrothermal solutions enriched in iron as well as
manganese (e.g. CB, MB). Upon mixing with ambient water,
Fe+2 is oxidized immediately (Figure 3.11) :
2 Fe+ 2 + 02 + 3 H 20 ---. 2 FeOOH + 4 H (7)
in this process other metals, including manganese, are
scavenged from solution (Figure 3.10B), resulting in fine-
grained Fe-Mn rich sediments (Edmond et al., 1979b). The
scavenging process is strongly pH dependent; at the pH of
ambient Galapagos water (%7.6), the molar ratio of Mn(II)
sorbed per Fe(III) is approximately 0.05 (Stumm and Morgan,
1970).
While the MnO 2 crusts and Fe-Mn sediments appear to
be in equilibrium on the ocean floor, this is not true for
the massive sulfide deposits (including pyrite, chalcopyrite
and other reduced ore minerals)found recently on the East
Pacific Rise at 21 deg. N. (CYAMEX team, 1979). The vents
from which these deposits originate were sampled even more
recently (Nov. 1979). These deposits are the result of
rapid flow rates of high-temperature (%350 deg. C.),acid.
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Figure 3.10
A. Removal of Mn(II) by
oxygenation in bicarbonate
carbonate solutions
B. Removal of Mn(II) by
oxygenation in presence
of ferric oxyhydroxide
(Sung, 1979)
(Mn(II))t/(Mn(II))0 = (Mn+2at time t/(Mn +2)initial
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Figure 3.11
Autocatalytic Oxygenation
of Fe(II)
(Sung, 1979)
FeII /Fe = (Fe +2)at time t/(Fe+2
0 at time t initial
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water directly onto the sea floor. They form immediately
adjacent to the ridge axis, often exhibiting a vertical
compositional variation Fe-S, Fe-O, Fe-Mn-O, the sulfide,
ochre, umber series, resulting from massive sulfide
formation, post-depositional surficial oxidation and
finally, Fe-Mn sediment accumulation (Edmond et al., 1979b).
Edmond et al. (1979b) postulated that chloride mineral
formation was necessary in hydrothermal systems to satisfy
the electroneutrality condition. They hypothesized the
formation of iron or magnesium hydroxychlorides. This was
apparently verified by the identification of ferrous hydroxy-
chloride (Fe2 (OH)3C1) by XRF analysis of mineral samples from
the high-temperature vents on the Nov. 1979 EPR expedition.
Assuming that hydrothermal activity is the source of
the anomaly in conductive heat loss indicated over recently
formed crust (5x109 cal/yr. on a global basis), it is pos-
sible to make flux estimates for iron and manganese from
the ridge crest. These are summarized in Table 3.4, with
a range for manganese of 2.7-10.4 x 1012 g/yr. The mang-
anese accumulation rate in deep sea sediments is about 2.7
x 1012 g/yr. (Bender, 1977). The river flux of dissolved
manganese is approximately 3x101 g/yr. (Martin and Meybeck,
1979); deep sea sediments are enriched in manganese by a
factor of about six over river suspended matter (normalized
to aluminum). Clearly the ridge crest may represent the
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major source of manganese to marine sediments. Furthermore,
since manganese deposition in sediments and manganese nodules
appear to be related processes (Elderfield, 1972), the ridge
crest is probably also a supplier of manganese for nodule
formation. Evidence has been found that Mn-rich particulates,
mostly present as amorphous, colloidal hydroxyoxides, may
precipitate from hydrothermal solutions (Corliss, 1971).
Bolger et al. (1978) found a large increase in weak-acid
soluble manganese in deep (>2000 m.) samples taken in hydro-
casts over the Galapagos spreading center. Weiss (1977) used
measurements of hydrothermal manganese in the water column
over the Galapagos Rift in a one-dimensional first order
scavenging model to estimate the horizontal propagation
distance for manganese. This distance was found to be as
large as 1000 km., depending on the magnitude and direction
of horizontal advection. At a distance of several hundred
kilometers away from the ridge crest, manganese accumulation
rates in sediments are similar to rates predicted by the
scavenging model. This observation is consistent with a
mechanism in which much of the hydrothermal manganese is
removed from solution by MnO2 and Fe-Mn sediment formation,
shortly after release into oxygenated bottom waters.
Hydrothermal iron, on the other hand, appears to be
deposited in a much more localized manner than manganese.
The hydrothermal flux is 3-615 x 1010 g/yr., while the
accumulation rate in deep sea sediments is on the order of
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2.7 x 1013 g/yr. (Scott et al., 1979). Considering iron's
rapid oxidation kinetics, all hydrothermal iron is probably
deposited locally on the ridge crest, following the formation
mechanisms discussed earlier. The Fe/Al ratios in Pacific
and Atlantic pelagic sediments are 0.61 and 0.56, respectively
(Scott et al., 1979); this compares favorably with an Fe/Al
ratio of approximately 0.51 for river suspended matter
(Martin and Meybeck, 1979). Thus particulate matter probably
accounts for a large fraction of the iron accumulating in
pelagic sediments, with aeolian transport also contributing
to this process.
The degree of hydrothermal activity at a given spreading
center is probably closely related to the amount of magma
generated, which in turn may be correlated with the spreading
rate. Examination of manganese and iron compositions (norm-
alized to aluminum) and accumulation rates in pelagic and
ridge crest sediments appears to support this hypothesis
(Tables 3.5,3.6). The average spreading rate in the Pacific
is approximately twice that in the Atlantic. The concentration
of manganese, as well as the accumulation rate, in an average
Pacific pelagic clay is two to three times that in an average
Atlantic pelagic clay. The concentration and accumulation
rates of both iron and manganese are generally greater in
Pacific ridge crest sediments than Atlantic (particularly for
manganese). The concentration and accumulation rates of iron
in average Pacific and average Atlantic pelagic clays are
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Table 3.5
Compositions of Iron,
Manganese and Aluminum
in selected pelagic and
ridge crest sediments
(Scott et al., 1979)
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Table 3.5*
Al(%) Fe(%) Mn(%) Fe/Al Mn/Al Fe/Mn
East Pac. Rise
(1)Ridge Crest
Ridge Flank
East Pac. Rise
(2)Ridge Crest
Ridge Flank
Average EPR
Mid-Atl. Ridge,
45 deg. N.
Mid-Atl. Ridge,
26 deg. N.
Mid-Atl. Ridge,
36 deg. N.
Famous:
Core Average
Famous: Surface
Sample Average
Famous: Surface
Core Average
Average Pacific
Pelagic Clay
Average Atl.
Pelagic Clay
1.1
1.0
0.5
4.7
3.5
5.3
6.2
14.8
4.7
18.0
10.5
12.3
9.6
4.9
6.2
5.6
4.8
8.3
9.0
8.1
1.6
6.0
3.0
3.9
0.5
0.3
9.0 0.7
10.7 0.6
15.0 0.6
5.1 0.9
5.0 0.4
13.4
4.7
7.4
1.6
36.0 12.0
2.2 0.6
3.5
1.8
0.8
1.4
1.9
3.1
1.1
0.1
0.1
1.8
2.9
3.0
3.5
3.2
18.5
14.3
0.11 12.7
0.11 17.8
0.13 25.0
0.61 0.11
0.56 0.04 12.6
* All data on a CaCO3-free basis.
(1) Dymond and Veeh, 1975.
(2) Bostrom and Peterson, 1969.
5.4
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Table 3.6
Accumulation Rates of Iron,
Manganese and Aluminum in
selected ridge crest
and pelagic sediments
(Scott et al., 1979)
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Table 3.6
Fe Mn Al
(mg./cm2/103 yrs.)
Mid-Atl. Ridge, 34(25)* 3(2) 15
45 deg. N.
TAG Area, Core 4A 50(15) 4(1.2) 62
East Pacific Rise:
Dymond and Veeh, 82 28 0.61
(1975)
Bertine (1974), 58 18 3
calculated from
Bender et al.(1971)
Average N. Atlantic 9 0.7 16
Pelagic Clay
Average Pacific 7.9 1.4 12.9
Pelagic Clay
* Numbers in parentheses are non-detrital accumulation
rates determined by subtracting a detrital metal component
for North Atlantic pelagic clays based on the detrital
metal to aluminum ratio.
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almost identical, consistent with the localized deposition
of hydrothermally injected iron. This hypothesis should be
the subject of future investigation.
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CHAPTER 4
CONCLUSION
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Ridge crest hydrothermal activity appears to play a
major role in the chemistry of iron and manganese in
seawater and marine sediments. These elements form three
characteristic types of ridge crest deposits: manganese-rich,
iron-manganese rich and iron-sulfide (manganese depleted).
Assuming a general proportionality between silicate-derived
iron and manganese, the relative glassy or crystalline char-
acter of the basalt reacting with seawater in a variety of
hydrothermal systems can be interpreted from the end-member
compositions,which are reflected by the measured exit conc-
entrations of iron and manganese. This relationship may
be further substantiated once analyses are completed for
iron, silica and sulfide on samples from the high-temperature
vents from the EPR expedition. Hydrothermal manganese can
precipitate as amorphous, colloidal hydroxyoxides which
may be transported several hundred kilometers before incorp-
oration into marine sediments. The ridge crest represents
a major source of manganese to marine sediments. The spreading
rate of oceanic plates may be correlated with the degree of
hydrothermal activity. The concentratior and accumulation
rates of iron and manganese in ridge crest sediments and
manganese in pelagic sediments support this hypothesis.
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